Four of the 192 beams of the National Ignition Facility (NIF) are currently being diverted into the Advanced Radiographic Capability (ARC) system to generate a sequence of short (1-50 picoseconds) 1053 nm laser pulses. When focused onto high Z wires in vacuum, these pulses create high energy x-ray pulses capable of penetrating the dense, imploding fusion fuel plasma during ignition scale experiments. The transmitted x-rays imaged with x-ray diagnostics can create movie radiographs that are expected to provide unprecedented insight into the implosion dynamics. The resulting images will serve as a diagnostic for tuning the experimental parameters towards successful fusion reactions. Beam delays introduced into the ARC pulses via independent, free-space optical trombones create the desired x-ray image sequence, or movie. However, these beam delays cause optical distortion of various alignment fiducials viewed by alignment sensors in the NIF and ARC beamlines. This work describes how the position of circular alignment fiducials is estimated in the presence of distortion.
INTRODUCTION
The Advanced radiographic capability (ARC) is a new diagnostic system for advancing the science of laser-based fusion, which is being developed at the National Ignition Facility (NIF) at the Lawrence Livermore National Laboratory (LLNL). One of the goals of NIF is to create fusion ignition and energy gain in a laboratory setting, which can lead to an almost limitless supply of safe, carbon-free, electricity 1 . In 2014, many of the 191 NIF target experiments were designed to advance the path to ignition/discover the perfect operating condition [2] [3] [4] . In May the NIF average target shot rate was 7.6 shots per week. The total FY15 target shot number is now up to 230 (75% of the 300 shot goal). With each of the ignition experiments more experimental data is obtained to fine tune and/or advance the physics Vis a Vis computational models of ignition, finer data slices in the spatio-temporal domain are expected to provide an unprecedented view of the reaction dynamics at each time stamp and at different viewing angles of the ignition experiments. The backlighting by the ARC beams 5 will generate a spatio-temporal history of target evolution, as shown in Fig. 1 , during the critical phases of the fusion reaction at the center of the target chamber and thus give NIF scientists a new, powerful tool for optimizing the pathway to ignition. The ARC system as shown in Fig. 2 uses four of the 192 beams of the National Ignition Facility (NIF) to generate a sequence of short (1-50 picoseconds) petawatt laser pulses (10 15 watts). The normal path of these beams is shown in gray. When used for ARC, these beams are diverted downward in the target bay to the ARC compressor vessels and then enter the target chamber on the paths indicated in red. Each ARC aperture uses a split-beam arrangement due to space limitations in NIF and the size-limit of fabricating the most advanced diffraction gratings. The split beam architecture causes challenges in the alignment of some of the laser beam fiducials 5 . For backlighting, 8 wires of 30 µm diameter are placed around a target to convert ARC's 1053 nm pulses into high energy x-rays in the range of 50 -100 Kev, an energy that is capable of penetrating the imploding fuel plasma during ignition scale experiments. The transmitted x-rays imaged with x-ray diagnostics will produce up to eight radiographs that will be captured by gated imaging cameras. The pulses are delayed with respect to each other in a staggered fashion via independent, free-space optical trombones in PABTS (preamplifier beam transport system) as depicted in Fig. 3 . The trombone-induced beam-delays create the 8-frame backlighted x-ray movie of the implosion of the target, and placement of the x-ray source wires at different locations produces different spatial points of view of the target implosion. However, the beam delay necessary for creating a movie effect also causes optical distortion in the images of various beam alignment fiducials used in both in the main laser and the ARC system. This paper describes how these alignment fiducials are detected and their positions estimated in the presence of challenging distortion.
NIF is a very large 192 beam laser. Each of the 300m long beams is aligned using a series of automated alignment (AA) loops. The loops use efficient automated image processing algorithms to identify fiducials imprinted on the beams, and the AA control system is able to align the main laser in 30 minutes 7 . Because NIF uses database driven software control that allows the instructions for processing each beamline to be independently controlled, automatic alignment of the ARC beams incorporates additional image processing algorithms have been developed to align the ARC laser 8, 9 system. This enables the alignment system to control the modified beam paths of ARC and to accurately process the defocused fiducial images described above. In this paper, we describe a method of detecting the beam fiducials as seen by the Output Sensor Package (OSP) camera in the main laser beams and also for ARC beams. We first describe the basic algorithm with no distortion as shown in Fig. 4(a) . Then, we describe how the fiducials are detected in the presence of the trombone-induced distortions as depicted in Fig. 4 (b).
(a) 
MATHEMATICAL BACKGROUND
Undistorted images are detected by a classical matched filter. However, for distorted trombone images, the matched filter provides only the first estimate. Alignment "mask" (circular) dot images illustrated in Fig 4(a) are viewed near focus for NIF beams. ARC beams require different timing, adjusted with trombone delay between relay telescopes, making the mask image out of focus as in Fig. 4 (b). Edge diffraction makes some dots appear with flattened edges. For extreme defocus, Poisson spots appear at the center of these dots. As a result of these various forms of distortion to the circular shape, the first, matched filter estimate is refined based on successive approximation by repeated matched filtering or techniques based on physical optics considerations. The complex matched filter (CMF) is well known for its position detection capability where the position of the object can be derived from the position of the correlation peak. A CMF 10,11 is defined by assuming that the Fourier transform of the object function f(x,y) is denoted by:
The CMF for detecting the function f(x,y) and its location, is given by the complex conjugate of the Fourier spectrum
The shape of correlation and the discrimination capability of CMF can be enhanced by using the edge of the to-bedetected images 12 . The position of the object is related to the position of the cross correlation, autocorrelation, and the template using Eqs. 3(a-b). The value of (x pos, y pos ) is the to-be-determined position of the pattern in the image plane. The value of (x auto, y auto ) is the position of the template autocorrelation peaks and the value of (x cross ,y cross ) is the position of the cross correlation peak. The position of the cross-correlation peak is estimated using a second order polynomial fit to the correlation peak. The center of the template, (x c, y c ) is calculated offline or on the fly for a regular object such as a circle as the case is here. The (x auto, y auto ) are calculated off-line. By aligning the center of x c and y c with x auto and y auto , the position of the circle fiducials will coincide with those of the correlation peak. However, for practical reasons it is better to use the whole Eq. (3) without making any assumptions and use the dynamic values. Figure 5 (a) shows the correlation plane output for detecting the smaller inner circle, which is shown as the highest peak. Note that the Fig. 4 shows the four circles arranged as a left sided-L. By threshold detection of the highest single or triple peak, and by successive zeroing out the position, we are able to detect all four of the peaks. Further refinement by polynomial approximation results in subpixel accuracy.
.. 
THE BASIC ALGORITHM
The main laser Input Sensor Package (ISP) beam mask is imaged in the OSP, as shown in Fig. 4(a) . While the center fiducial defines the beam center, the orientation of off-center fiducials allows one to identify a specific beam within a quad and determine the beam rotation angle. For beam alignment, it is essential to detect the center fiducial, which allows the control loop to perform alignment operation. In the absence of trombone delay, the loop exhibits a normal mask pattern as shown in Fig. 4(a) . The basic algorithm for detecting the circles in a normal image with no distortion is outlined below and illustrated in Fig. 6 .
The steps for detecting the fiducials in a normal mask image are as follows: These steps are depicted in Fig. 6 as well as Table I , which contains a typical output log from the algorithm.
Step 1: Consider an OSP image as shown in Fig. 6(a) . After smoothing the image in Fig.6(b) results. Inverting the image produces 4 white blobs. The output in 6(c) is the end result of step 1. Table I shows three different blob sizes were found with 782, 593, and 813 areas in pixels. Obviously, the smaller size corresponds to the center circle. Note from the log in Table I that an approximate center of each of the blobs is also calculated. For each blob position size a subimage is formed around the approximate center, and a radius search is executed by taking an edge of the subimage and performing correlation with varying radii. In this case, there are mainly two sizes, a small circle at the center at (312, 261) and a bigger circle at the outside at (311.5, 94.5), these two blob sizes are analyzed to match to two nominal sizes. The step 2 ensures that when beam-to-beam variations exist, they do not affect the accuracy of the position, since the template for each of the individual images is estimated dynamically 12 .
Steps 4(a-b): The whole image is correlated with the small radius, which results in an output shown in Fig. 5(a) . Then the larger radius, r2 is used to correlate with the image in Fig. 6(d) , which results in output shown in Fig. 5(b) . Note that in step 2, we only chose one of the three off-center circles and made the assumption that all three off-center circles have the same radius. For a standard ISP mask image without any trombone delay this is a valid assumption, which is verified by the relatively close magnitude levels of these three correlation peaks as shown in Fig. 5(b) . Note that after choosing the highest correlation peak, it is normalized by the maximum correlation peak to 1. The other peaks are also scaled with respect to the highest peak. In this case, the second peak is 74% of the first peak and third peak is 54%. A nominal threshold of 50% is used, so that in this case all three peaks are detected.
Step 5: An integrity check ensures that the circle is indeed the smallest and is located near the center of the image. In this step various inter-spot distances are tested and verified. For example, the three large spots have a 154 pixel x-distance and 364 pixel y-separation within a tolerance of 70 pixels. This step is important because as can be seen from Fig. 6(d) , the almost square perimeter of the beam may give rise to spurious peaks matching partially to the center circle radius as shown in Fig. 5 . There are two protections against spurious peak selection. First, the detection threshold is expected to be at least 50% of the peak value, so that peaks below this level are ignored. The second protection is the spacing and absolute position test. When the image quality deteriorates, the threshold may not detect all three large spots, and the algorithm may fail. If any specific beam is consistently failing due to lower quality, we can externally supply a reduced detection threshold for that particular beam. The above general algorithm has been applied successfully in other NIF alignment systems such as PAM (preamplifier module) alignment 14 on images containing both circle and square fiducials as well as in PSS (programmable spacial shaping) for finding blocker size and positions 15 . 
Output of Steps 4 (a-b):
Looking for the inner circles with radius 13.5 xpos, ypos = 311.81, 260.94 corr = 1.00 Found 1 inner circle spot ****************************************** Looking for the inner big circles with radius 16.0 xpos, ypos = 313.00, 94.19 corr = 1.00 xpos, ypos = 310.40, 427.70 corr = 0.95 xpos, ypos = 454.94, 95.96 corr = 0.54 Found 3 big circles spots ****************************************** Step 5 spacing test Selected 1 center spot after spacing test Center spot passed tight ROI test Found 3 big circles before spacing test Testing 3 spots for pixel x-spacing 154 and y-spacing 364 The current tolerance is 70 pixels ******************************************* Selected 3 circle spots after spacing test Center passes relative position test...
Steps after Step 4 due to Trombone Effects

ALGORITHM IMPROVEMENTS
Next, we describe algorithm modifications to detect the fiducials in the presence of trombone-induced distortions. As beam delay is increased, evidence of defocus appears. During the early phase of NIF construction in 2004, four initial NIF beams were subjected to trombone delay. The resulting distorted circular fiducial pattern was classified by the size of the central circle, which was identified as small, medium or large. Then an improved position was obtained by searching over a range centered about the nominal radius of that class 16 . This is the first improvement for processing out of focus images of alignment fiducials.
Further modifications are required for steps 2 to 4. As shown in Fig. 7(c) , image noise can cause the central fiducial edges to show up as two small objects. By modifying the binarization threshold towards a higher value, the problem is overcome and we get the image seen in Fig. 8(a) . An additional effect is seen in Fig. 7(a) . Defocus caused by trombone delay leads to diffraction rings forming around each spot and diffraction lines at the beam boundaries. Figures 7(c) and 8(a) illustrate that the interaction between these two patterns results in a noncircular shape of the edge detected fiducial spots compared to a similar image shown in Fig. 6(d) .
The output of step 4(b) is shown in Fig. 8(b) , where a well-defined correlation with the small radius spot is detected. However, when the higher radius is correlated with the entire image, only the spot at the top shows a high peak value. The other two spots show a much lower value as shown in Fig. 9(a) . This is because when trombone delay defocus is introduced, the assumption that all circles are of same size is no longer valid and leads a peak below threshold of 50%. In this case, the second and third peak may not be detected.
When the other two spots have a lower relative magnitude, the detection threshold is lowered to get an approximate location of the off-center spots. There are two possible scenarios for a defocused spot. It may exhibit a very broad defocus with no well-defined boundary and no strong Poisson or there may be a sharp Poisson spot in the center location.
First a check is made to detect the Poisson spot in small region of interest around the approximate circle location. The maximum value of the Poisson spot must exceed a threshold related to the nearby region, to be detected. If it is found then we approximate the peak location, which becomes the location of the circle. If a Poisson spot is not present, then the subimage around the center location is extracted and a search is conducted to find the right radius for the defocus circle and then the new radius is used to find a better approximation of the circle center. The process is repeated for the other circle fiducials with low correlation peak values. For ARC images, the beam is split into two parts, and the center fiducial is divided into two halves. This causes the position of the center to be displaced as seen in Fig. 10 and therefore cannot be used as representing true beam center. Therefore for ARC images, the center image location is recalculated based on the off-center fiducials. Thus any initial detected center spot is overwritten by the average location.
For ARC alignment images obtained after the compressor, the techniques already described are used to determine fiducial spot locations. However, as is evident in Figure 10 , propagation through the compressor adds some noise to the beam. This requires adjustment of the image processing parameters to optimize the result. 
CONCLUSION
In this work we discuss automatic alignment algorithms for OSP (output sensor package) images under normal conditions and for images with trombone-induced focus distortion. It is shown that using a recursive process of gradual approximation achieves better position accuracy. Two types of defocused images are processed: images from normal main laser beams and a second type from ARC beams. Separately optimized algorithms are used to process each type. The algorithms are effective in processing images that may be distorted due to trombone effects of varying magnitude.
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